Purpose: The aim of this study was to find an optimized configuration of collimator angle, couch angle, and starting tracking phase to improve the delivery performance in terms of MLC position errors, maximal MLC leaf speed, and total beam-on time of DCAT plans with motion tracking (4D DCAT). Gamma analysis for film measurements with 90% passing rate threshold using 3%/ 3 mm criteria and trajectory log files were analyzed for plan delivery accuracy evaluation.
| INTRODUCTION
Dynamic conformal arc therapy (DCAT) technique has been implemented in linear accelerator (linac) based stereotactic body radiotherapy (SBRT) for patients with Stage I/II non-small-cell lung cancer (NSCLC). [1] [2] [3] [4] [5] [6] [7] [8] [9] One advantage of DCAT technique is the robust and transferable treatment methodology in planning, which is capable of reproducing the same or similar optimized planning results on different planning systems. [7] [8] [9] [10] Compared to three-dimensional (3D) conformal radiation therapy (3DCRT), DCAT has been proven to achieve higher target dose conformity and normal tissue dose sparing as well as shorter beam-on time for dose delivery. 9 , 10 Rauschenbach et al. 10 stated that DCAT should remain an alternative to 3DCRT in facilities that do not have VMAT or IMRT. Shi et al. 11 have successfully implemented DCAT technique into clinical use for lung SBRT. They reported that the plan quality of DCAT met the RTOG protocols.
Ouyang et al. 12 reported that combining flattening filter free beams
and DCAT provides promising improvements in NSCLC SBRT treatment in both plan quality and treatment planning efficiency. In addition, unlike VMAT, tumor coverage is not affected by MLC interplay effect.
Although hypo-fractionated radiotherapy has demonstrated capability of providing high local control rates (85%-98%) in several phase I/II trials, [13] [14] [15] [16] [17] [18] [19] blurred dose caused by tumor motion entails an increased risk of normal tissue toxicity. 20 , 21 Shimizu et al. 22 reported lung tumor motion in SI direction was up to 24 mm. Several studies reported over 10 mm tumor motion in AP and LR directions. [23] [24] [25] Zhao and colleagues 26 reported dose deviation with motion is larger for smaller lung tumor (i.e., gross target volume is less than 10 cm 3 in their study). Therefore, it is especially important to manage respiratory motion in hypo-fractionated lung SBRT to ensure more accurate dose delivery. Tumor motion tracking is a recent development toward improving dose delivery quality. Compared with the common techniques of motion management such as respiratory gating and forced shallow breathing, motion-tracking technique provides shorter treatment delivery time and requires less patient co-operation and causes less patient discomfort.
27-29
The effects of plan parameters in motion tracking have not been fully studied. Several studies implemented motion tracking with dynamic MLC treatment delivery for either Varian or Elekta linac and reported improved target dose coverage without significantly increasing the total treatment time. [30] [31] [32] [33] [34] [35] Sawant et al. developed lung tumor motion compensation method where target motion that is decomposed to the beam's eye view (BEV) is dependent on collimator, gantry, and couch angles. 30 Different combinations of collimator and couch angles will result in different tracking complexity which affects the delivery performance. Therefore, optimization of collimator and couch trajectories may reduce the possibility of having plans running at the mechanical limits of the linac, which can improve the treatment efficiency and robustness. 36, 37 In most published studies on VMAT plans with motion tracking, collimator, and couch angles for plans were set at 90°and 0°, respectively, which has been shown to be favorable for MLC tracking because the MLC leaf motion direction is parallel to target motion in superiorinferior (SI) direction. 30, 32, 34, 35 However, for (3D) motion tracking, this collimator angle may not be the optimal solution for motion tracking.
In this study, we investigated the effects of collimator angle and couch angle on the performance, including MLC leaf position errors, MLC leaf speed, and total beam-on time of DCAT plans with motion tracking (i.e., 4D DCAT). In addition, we also evaluated the effect of different starting tracking phases on 4D DCAT performance.
| METHODS

2.A | Respiratory three-dimensional motion phantom and model
The QUASAR TM respiratory motion phantom (Modus Medical Device Inc., Canada) and a Cedar cylindrical insert with a 30 mm off-centered spherical target (22 mm diameter) for simulating 3D respiratory motion was used in this study (Fig. 1) . A rotational stage hinged the insert with the phantom motor which allows the target to rotate with 60°of total motion range as it translates. As shown in Fig. 2 , the target motion is the composite of reciprocating motion in the SI direction (z axis) and rotational motion in LR (left-right, x axis) and AP (anteriorposterior, y axis) plane. The target motion model is then given by
where A z 0 = 20 mm was the peak-to-peak target motion amplitude,
was the maximal rotational angle of the insert. The off-center distance q was 30 mm. s is the breathing cycle period and was set to 6 s. ; x , ; y , and ; z are the starting phase for motion tracking, and ranged from maximal exhalation phases (; ¼ 0) to maximal inhalation (; ¼ p=2). Each nontracking DCAT plan had 180 control points (CPs), with a full arc ranging from 181°to 179°. The collimator size (8 cm 9 8 cm) was large enough to incorporate the target and its motion so that the collimator jaws would not block the beam during motion tracking. According to RTOG 0813, the prescription isodose surface for SBRT is normally chosen such that 95% of the PTV is conformably covered by the prescription isodose surface and 99% of the PTV receives a minimum of 90% of the prescription dose. 38 For plans in this study, a simplified planning method was applied where 5 Gy (EBT3 film has high gradient response around 5 Gy) was prescribed to the isocenter set at the geometric center of the target with source to axis distance (SAD) of 100 cm.
2.B |
2.B.2 | Motion-tracking plans
The 4D DCAT plans were generated by applying the lung tumor motion-tracking algorithm. The motion-tracking method was based on a priori known rigid sinusoidal motion model that was projected to the BEV and compensated by MLC leaves.
For motion parallel to the direction of leaf travel, MLC m; n ð Þ, the position of leaf "m" of CP "n" in the nontracking DCAT plan was transformed using:
where the motion compensation along MLC leaf travel direction, 30 and studies on modifications of beam parameters to generate a linac deliverable plan. 31, [33] [34] [35] All machine parameters such as MLC leaf speed, gantry speed, and gantry acceleration were within limits (Table 1 ) after MLC leaf modification. As illustrated in Fig. 3 , when leaf positions were modified for each CP, the speed of each MLC leaf and gantry speed were calculated using the maximal allowable dose rate. If there was any leaf speed exceeded the limit, the maximal dose rate would be reduced to the next available one and the leaf compensations for all CPs would be recalculated. Then, leaf speed would be calculated again based on new leaf positions and dose rate. The maximal allowable dose rate would be iteratively adjusted until all leaf speed at any specific CP was within the limit.
As a result, all the MLC leaves involved in tracking could have enough time to reach to the planned position for motion compensation with constant dose rate.
2.C | Plan Performance Score (PPS)
PPS was used to characterize the complexity degree of each 4D
DCAT plan. PPS depends on the modulation complexity score (MCS), 39 leaf travel index (LTI), 39 and the maximal MLC leaf speed of a 4D DCAT plan with collimator angle at h coll and couch angle at h ch (eq. 6). MCS focuses on the variability in MLC leaf positions, degree of irregularity in field shape, and area. These are related to the MLC aperture shape of each CP and leaf motion between adjacent CPs.
As shown in Appendix A, motion projected to the BEV is dependent on collimator angle, couch angle, and starting phase. Therefore, PPS can be expressed as eq. 6.
MCS ranges from 0 to 1, and it approaches 0 for increasing degree of treatment plan complexity. [39] [40] [41] LTI ranges from 0 to 1, and it approaches 0 for increasing total MLC leaf travel distance. 
2.D | Experimental delivery of 4D DCAT Plans
In the simulation algorithm, we assumed that dose rate and MLC leaves of each CP could instantaneously reach to planned values
Flowchart of generating a deliverable 4D DCAT plan. would become yellow to green and remain for one-second before it turned to red (i.e., the starting point for 4D DCAT delivery).
During delivery, the verification system compared actual target position with the planned one. Once the discrepancy was higher than the tolerance (i.e., 1 mm), delivery would be paused in order to avoid significant de-synchronization between MLC tracking and target motion.
Gafchromic EBT3 film was embedded in the target for dose measurement. All film pieces were cut in rectangular shapes congruent with the original sheet and scanned in landscape direction. In the scanned film image, the central axis on the film was first determined and a 3 cm by 3 cm square region of interest was selected (target diameter is 22 mm) to cover the whole measurement for gamma analysis. Planar dose of 4D DCAT plan delivered on the moving target phantom was compared to the nontracking DCAT plan delivered on the stationary target using gamma analysis using 3%/3 mm criteria. 4D DCAT plans were delivered three times for random error evaluation. By analyzing the exported data from trajectory log files, we compared MLC leaf speed, dose rate, root mean square error (RMSE) for MLC leaf deviations, and total beam-on time between 4D DCAT plans. Fig. 9 and Table 3 ).
Differences in dosimetric indices to the organs such as spinal cord and lung are also listed in Table 3 . There was a minimal difference in heart doses between the two 4D DCAT plans.
| DISCUSSION
Ideally, for a nontracking DCAT plan, when the isocenter is at the target geometric center and the target shape is symmetrical, the target projection to the MLC coordinates at each CP should be identical. In this case, the ideal PPS for nontracking DCAT plans with different collimator and couch angles should be equal to one. In reality, since the target contour generated in the TPS was not a perfect sphere, it resulted in the variation in target projection at each CP (i.e., slight MLC shape variation at each CP). Therefore, PPS results were slightly less than one but also very close to one among different nontracking plans in the study. For the 4D DCAT plans, on the other hand, the PPS values were significantly smaller than one, with a best score of 0.554 in the study. It indicated an increased complexity when carrying out motion tracking using dynamic MLC technique. Compared to the optimization results using 1°gantry angle increment (maximal PPS: 0.554), when using 2°and 5°increments
for optimizations, the maximal PPS of 4D DCAT plans were 0.554 and 0.543, respectively. Therefore, similar optimization results can be achieved with higher gantry angle increment (e.g., <5°in this study) which reduces the total optimization time.
The error bars in Fig. 5 show relatively small variation in measurement of delivered plans, which indicates that all plan parameters For an irregular shaped tumor with more complicated motion pattern, one would expect the beam aperture difference and target motion between adjacent CPs be larger. Therefore, plan with the minimal PPS will be expected to have more leaf errors during tracking since more leaves will be moving at the maximal speed.
Passing rates of all the film measurements are higher than 90%
threshold when using 3%/3 mm criteria, which demonstrates the reliability of the synchronization method using manual beam initiation and cameras for target motion monitoring. 
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